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ABSTRACT 
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Post Office Box 30 
State College, Pennsylvaina 16801 
The nondestructive evaluation of metal matrix composite precur-
sor wires is being pursued by measurements of the attenuation and 
velocity of both torsional and longitudinal ultrasonic pulses prop-
agating along the wire axis. The sound waves are generated by non-
contacting electromagnetic transducers. Continuous scans of the 
attenuation and velocity are made along wires of any length by use 
of a four-transducer arrangement. The attenuation and velocity have 
been related to physical wire properties which are important for non-
destructive evaluation and characterization. 
INTRODUCTION 
We have developed apparatus for making simultaneous measure-
ments of the acoustic attenuation and velocity in metal matrix com-
posite (MMC) precursor wires. Extensive measurements have been car-
ried out in graphite/aluminum (Gr/Al) wires of less than about 1 mm 
in diameter. The method has also been demonstrated in Gr/Mg and 
Gr/Cu precursor wires as well as in ordinary metal alloy wires of 
various compositions. (The only requirement for application of the 
present method is that of a matrix metal with reasonable electrical 
conductivity.) 
The ultrasonic measurements utilize non-contacting electro-
magnetic transducers (EMTs) for generation and reception of the 
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sound pulses. The EMTs permit high speed, continuous scans of the 
attenuation and velocity along the length of the wire. The problems 
associated with making reliable and accurate attenuation measure-
ments using EMTs have been overcome by the use of a four-transducer 
arrangement and specially developed associated electronic signal 
processing apparatus. 
The ultrasonic attenuation data, particularly the longitudinal 
mode data, have been qualitatively related to the percentage of non-
infiltration of the aluminum matrix into the graphite fiber tow. 
The longitudinal velocity yields Young's modulus for the wire while 
the torsional velocity yields the shear modulus. Torsional velocity 
data do not always agree with those predicted by rule of mixtures 
values whereas the longitudinal data almost invariably do agree. 
These differences in the velocity agreements with the expected values 
are believed to be related to the quality of the interfacial bond be-
tween the Gr and AI. 
ACOUSTIC MEASUREMENT METHODS 
The use of EMTs for generating and recelvlng ultrasound is very 
desirable since the EMTs operate without the use of any acoustic 
coupling medium. However, the lift-off distance of the transducer 
from the acoustic medium of interest greatly affects the signal 
amplitude. In the case of MMC precursor wires, the outside wire 
diameter can vary by perhaps ±10% so that the transducer must be 
physically large enough to pass the largest wire diameter encoun-
tered. This can lead to large lift-off distances when the smaller 
diameter regions pass through the transducer. The signal varia-
tions caused by this phenomena can be of the order of 10 dB, whereas 
for good wires the nominal attenuation can be less than 0.5 dB/cm. 
Hence, measurements of the relative signal levels in two receiver 
transducers, between which the sound pulse travels, can lead to 
apparent attenuation values of no relevance. 
This measurement problem has been overcome by utilizing a four-
transducer setup as shown in Figure 1. The two receiver EMTs are 
placed between the two transmitter EMTs. The relevant distance is 
6X, the gauge length between the two receiver transducers. If we 
let V. represent the peak value of the EMT output voltage for re-
ceivefjj, as obtained for a sound pulse from transmitter i, then 
simple algebra can be used to prove that the absolute attenuation, 
a, of the sound over the distance 6X is given by: 
1 1 [ a = 2" 6X 10g10 (1) 
This result is independent of both transducer lift-off and sensi-
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tivity. For this result to hold exactly, the acoustic medium should 
be stationary so that the left and right directed acoustic pulses 
travel through the same exact portion of the medium and so that the 
transducer lift-off characteristics are the same for both pulses. 
In the present case this requirement is not strictly satisfied 
since the wire is pulled through the transducer assemblies at a rate 
of about 1 cm/sec. With typical travel times between the receiver 
of between 4 and 20 ~sec, the errors introduced by the wire motion 
have been found to be unobservable. Typically the attenuation values 
seen are repeatable, within the system noise level, independently of 
the wire speed. 
In order to implement Equation (1), four peak voltages must be 
measured. Typically a single cycle pulse of sound is generated in 
each transmitter with the fundamental frequency being ~200 kHz or 
~1 MHz for torsional or longitudinal waves respectively. A four-
channel gated peak detector (GPD) was designed for use with these 
transducers since commercially available units were found to be 
inadequate to the task. The GPD was designed to accomplish two 
simultaneous tasks. These are the simultaneous measurements of the 
peak amplitude and the provision for triggering a voltage comparator 
at a precise phase point on the signal waveform independently of the 
signal amplitude. The stable trigger point allows the accurate 
measurement of the time delay between gated signals in two channels 
of the GPD and therefore gives the capability of a velocity deter-
mination. The essential specifications for the four-channel GPD 
include: 
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Figure 1. Apparatus used to implement a four-transducer measure-' 
ment of the attenuation and velocity. 
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1) A linear 40 dB dynamic range with the output voltage pro-
portional to the signal attenuation in dB with respect to 
a fixed reference level; 
2) A frequency response of 50 kHz to 5 mHz; 
3) Output independent of repetition rate from 0.1 Hz to 10 kHz 
within ± ~ dB; 
4) Stable phase triggering between channels within ~4° (i.e., 
better than 10 ns time delay resolution at 1 t1Hz without 
signal averaging); 
5) The output can follow signal level changes of 3 dB per 
repetition cycle; 
6) The peak level signals are processed to yield a voltage 
output proportional to a as given by Equation (1); and 
7) The time delay between channels has an analog output for 
direct recording on an analog recorder. 
REPRESENTATIVE MEASUREMENTS 
The system is calibrated for time delay measurements by first 
calibrating the sound velocity in a long length of aluminum alloy 
wire. By measuring the velocity in a long wire of uniform composi-
tion the distance uncertainties can be made as small as the time 
delay uncertainties. Then the receiver transducers are accurately 
spaced by adjusting their separation, ~X, to yield precisely the 
right time delay on a small portion of the same calibrated wire. 
Figure 2 shows a simultaneous ~t and a scan, using longitudinal 
sound, for a calibrated aluminum alloy wire. Note that the ~t and 
a values are quite constant and that the a values are small. Figure 
3 shows a similar plot for a poorly infiltrated Gr/Al precursor 
wire. The ~t and a values are now seen to vary considerably with 
larger a values being found on average. Figure 4 shows a plot of 
a and ~t for torsional waves for the same wire as used to obtain 
Figure 3. 
In general, it is found that the attenuation of either longi-
tudinal sound or torsional sound rises with increasing amounts of 
non-infiltration of the matrix into the graphite fiber tow. Figure 
5 shows a bar graph representation of the longitudinal and torsional 
attenuation values as well as the d.c. electrical resistance values 
for two good (Good 11 and Hair 8) as well as two bad (Bad A and Bad 
A2) Gr/Al precursor wires. The Gr fiber is VSB-32 and the Al alloy 
is 6061 in all four of these wires. The electrical resistance data 
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should be sensitive to the total Al content found in the wire cross 
section and should therefore also yield some data as to the infil-
tration quality. Unfortunately the resistance data requires a 
knowledge of the precise local cross sectional area in order to give 
reliable results. However, since the wire cross sections are not 
circular or regular, the cross sectional area data have not been 
reliably obtained. General trends for both the resistance and a 
data do show agreement with respect to infiltration. The wires 
used to obtain the a and resistance data were broken and observed 
with a microscope. Qualitatively the higher a and resistance values 
were associated with poorly infiltrated regions. The best quali-
tative agreement was found with the longitudinal a. 
The torsional propagation mode does show sensitivity to the 
wire condition. However, it can be shown that the half power skim 
depth, om' for this mode of propagation is om = a.IS9ro where ro is 
the wire radius. 1 Only a. 4% of the acoustic pO\ler is carried by the 
inside quarter of the wire radius. Hence for wires poorly infiltrat-
ed at only the very center part, the torsional wave sensitivity is 
expected to be low. On the other hand the longitudinal mode has a 
uniform power distribution across the entire wire diameter so that 
it is expected to be generally more sensitive to non-infiltration 
independently of the fault location. It is noted that for the sound 
modes we are working with, the sound wavelengths, A, are much greater 
than the wire diameter. 
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Figure 2. Attenuation, a, and time delay, 6T, for reference Al wire. 
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Figure 3 . Longitudinal attenuation, a , and time delay, ~T, for 
poorly infiltrated Gr/Al MMC wire. 
Figure 6 shows a bar graph of the time delay data, ~t, (the 
velocity v = AK/~t) for the same wires as used for Figure 5. There 
appears to be poor correlation between wire sound velocity and the 
infiltration quality. This may indicate that most of the sound 
power may tend to stay in the infiltrated part of the wire . The 
variations in the fraction of infiltration may then cause sound 
attenuation by reflection and absorption to lead to increased a 
values in poorly infiltrated regions. The oscilloscope traces of 
the longitudinal sound pulses seen by the receivers show considerable 
evidence of many internal sound reflections in poorly infiltrated 
wires . The longitudinal sound velocity seems to be remarkably insen-
sitive to the infiltration fraction in spite of the longitudinal a 
sensitivity to infiltration quality. 
The longitudinal and torsional velocity values, respectively 
vL and vT' are of considerable interest since they are simply re-
lated to Young's modulus, E, and the shear modulus W. Whereby the 
following equations hold 
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Figure 4. Torsional attenuation, a, and time delay, ~T, for poorly 
infiltrated Gr/Al MMC wire. The wire is the same as 
used for Figure 3. 
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Figure 6. Sound travel time ranges for MMC wires. Wires Good 11 
and Hair 8 are well infiltrated. Wires Bad A and Bad A2 
are poorly infiltrated. ~tL is longitudinal sound mode 
data. ~tT is torsional sound mode data. 
k (E/p) 2 
(2) 
where p is the material mass density. For the simplest case, one 
could r eas onably expect a rule of mixtures calculation for E and ~ 
to give reasonable values if E and ~ are known for both the matrix 
and the fiber. If we let Yf be the fiber volume fraction then we 
would have 
E 
(3) 
where the Al and Gr subscripts are used in the obvious sense. In 
addition the density of the composite is similarly obtained as 
We have at our disposal a calibrated set of 18 Al (6061)/Gr 
(VSB-32) composite precursor wires with Yf values ranging from 
~0.25 to 0.50. Averaged longitudinal and torsional velocity values 
were obtained for these wires. The results are shown in Figure 7. 
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Figure 7. Sound velocity vs. fiber volume fraction in Gr/AI MMC 
wires. The 0 data points are for the longitudinal 
velocity, VI. The 6 data points for the torsional 
velocity, V. The 1-'s are calculated from theory and 
the .'s ar~ calculated from manufacturers or handbook 
data. The lines connect the theory points which do not 
lie on a straight line. 
The v values are seen to be in excellent agreement with the ex-
pectea values. Most of the vT data are in excellent agreement with 
the expected values. It is noted that the velocity measurement 
errors are far smaller than the errors associated with the Yf values 
so that the agreement with the expected values is thought to be 
excellent for the good data. Our present feeling is that the vL 
values are probably the best predictor of Yf given that reliable 
values of EAl and EG can be obtained, although this may be some-
what doubtful for EGr . However, there are six maverick torsional 
data points which 11~ substantially lower than expected. Of par-
ticular interest is the fact that the vL values for these same "bad 
wires" are in good agreement with the expected values. 
The bad torsional data points on Figure 7 cannot be explained 
in terms of variations in Yf • This is because the required Yf 
values required are on the order of I or greater. In view of the 
good vL values on these same wires, and in view of the fact that 
they appear to be fully infiltrated, these data are no doubt indica-
tive of some microscope parameters. It is believed that the impor-
tant parameter here is the quality of the Gr/AI interfacial bond. 
This point of view is supported by heat treatment data on similar 
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wires where it was found the vL values are not affected by heat 
treatment, but v values can be readily suppressed by 30% which makes 
them lower than the maverick points seen on Figure 7. We believe 
that the shear modulus is far more sensitive to the interfacial bond 
than is the Young's modulus. These matters will be more fully ex-
plored in future communications. 
CONCLUSIONS 
New methods for the ultrasonic, nondestructive evaluation of 
MMC have been developed. It was found that the longitudinal sound 
attenuation is relatable to the quality of the infiltration of 6061 
Al matrix material into a VSB-32 Gr fiber tow used to make Gr/AI 
precursor wires. The torsional wave velocity is found to be un-
expectedly low for certain otherwise high quality wires. Prelimi-
nary evidence indicates that wires with slow torsional velocities 
may have poor interfacial bonds between the Gr and AI. 
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